A defining feature in proliferative retinopathies is the formation of pathological neovessels. In these diseases, the balance between neovessel formation and regression determines blindness, making the modulation of neovessel growth highly desirable. The role of the immune system in these retinopathies is of increasing interest, but it is not completely understood. We investigated the role of the alternative complement pathway during the formation and resolution of aberrant neovascularization. We used alternative complement pathway-deficient (Fb ؊/؊ ) mice and ageand strain-matched control mice to assess neovessel development and regression in an oxygen-induced retinopathy (OIR) mouse model. In the control mice, we found increased transcription of Fb after OIR treatment. In the Fb ؊/؊ mice, we prepared retinal flatmounts and identified an increased number of neovessels, peaking at postnatal day 17 (P17; P‫.)100.0؍‬ Subjecting human umbilical vein endothelial cells (HUVECs) to low oxygen, mimicking a characteristic of neovessels, decreased the expression of the complement inhibitor Cd55. Finally, using laser capture microdissection (LCM) to isolate the neovessels after OIR, we found decreased expression of Cd55 (P‫.)500.0؍‬ Together, our data implicate the alternative complement pathway in facilitating neovessel clearance by down-regulating the complement inhibitor Cd55 specifically on neovessels, allowing for their targeted removal while leaving the established vasculature intact.-Sweigard, J.
Angiogenesis is a tightly regulated process by which endothelial cells proliferate and migrate to colonize tissues, resulting in the establishment of an ornate network of vasculature that supports the vital systems of the body (1) . However, when misdirected, pathological angiogenesis manifests in disease processes, such as cancer (1) , atherosclerosis (2) , and ocular neovascularization [ref. 3 ; diabetic retinopathy (DR), ref. 4 , and retinopathy of prematurity (ROP), ref . 5] . DR and ROP both have in common late-stage destructive neovascularization (6) that is associated with inflammation (7, 8) . Retinopathy begins with an initial phase of vessel loss (3) , which then leads to local tissue hypoxia and a compensatory angiogenic response that is often pathological (6, 9) . In ROP, pathological neovascularization regresses in most cases, leaving normal vessels intact, but persistent neovessels can cause progression to blindness, if unchecked (10) . Inflammation is closely linked to vascular injury and repair (7, 11) , which is mediated, in part, by the complement system and is likely to be a critical component of retinopathy (12) . We hypothesized that neovessels can be distinguished from normal vessels and pruned through activation of the complement cascade.
The complement system is capable of distinguishing among healthy and diseased host cells, to aid in the elimination of nonfunctional or dead self-cells (13) . The complement system consists of 3 pathways (classical, lectin, and alternative) that aid in the opsonization and removal of irreversibly damaged tissue and/or pathogens (14) . The classical pathway is activated by C1q's recognition of antigen-antibody interactions and the lectin pathway through pattern recognition of carbohydrate motifs by its mannose-binding lectin (14) . Contrary to the classical and lectin pathways, the alternative pathway is not activated through recognition of pattern motifs; it probes its surroundings by maintaining a slow, steady state of activation through the hydrolysis of the pathway's central C3 molecule, to form C3 H2O (15) . When a small fraction of C3 is converted into C3 H2O , new sites are exposed that enable binding of factor b (Fb), leading to a short-lived, solvent-based C3 convertase that cleaves C3 into its active component, C3b (13) . Newly generated C3b attaches to the surface of pathogens or dying cells through covalent binding, where it recruits Fb. Factor d (Fd) then cleaves Fb into Bb and forms the C3 convertase, C3bBb (16) . Formation of the C3 convertase is a pivotal turning point for the amplification of the alternative pathway with Fb as a rate-limiting protein in its formation (16) . It triggers a switch from slow hydrolysis of the central C3 protein to active cleavage by the convertase, which rapidly amplifies the alternative pathway and facilitates elimination of damaged or dead cells (13) . Nondamaged self-cells express inhibitors of the complement system on their surface that prevent complement activation on healthy tissue, including Cd46 (17), Cd55 (18) , and Cd59 (19, 20) . These molecules degrade or sequester complement proteins and prevent their activation (13, 21) .
In this study, we investigated whether the invoked inflammatory response inherent in retinopathy is involved in resolution of retinal neovascularization, distinguishing pathological neovessels from normal vessels. We characterized the role of the alternative complement pathway in the formation and clearance of pathological neovessels in a mouse model of oxygeninduced retinopathy (OIR; ref. 3) . Understanding how the ocular environment can target pathological vessels for elimination while leaving the essential vasculature intact will lend insight into ways of safely modulating the microenvironment without causing harm and lead to the development of pharmaceuticals that take advantage of the same targeting strategy.
MATERIALS AND METHODS

Animals and model of OIR
This study adhered to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. C57Bl/6 mice (stock no. 000664) were obtained from Jackson Laboratories (Bar Harbor ME, USA), and Fb Ϫ/Ϫ mice were a gift from J.D.L. Each strain was maintained as a breeding colony in the Massachusetts Eye and Ear Infirmary (MEEI) animal facility. A published model of OIR causing ROP was used (9) . Briefly, newborn mice and nursing mothers were kept in room air from postnatal day 0 (P0) to P7. At P7, each nursing mother and litter (Յ8 pups) were placed in a chamber maintained at 75% oxygen (model 110; Biospherix, Lacona, NY, USA) for 5 consecutive days. At P12, the nursing mothers and litters were returned to room air, and samples were collected at the indicated time points. Pups from each litter were spread over the collection time course and weighed at P17. Litters with pups Ͻ 5 g at P17 were not included for analysis, since this weight has been deemed the minimum that ensures proper nursing and the transfer of growth factors for neovessel formation (9) . The eyes were enucleated with the mice under heavy anesthesia (T4, 840-2; Avertin; 2,2,2 tribromoethanol; Sigma-Aldrich, St. Louis, MO, USA, in isoamyl alcohol, A730-1; Thermo Scientific, Waltham, MA, USA), at a working concentration of 10 mg/ml, injected at a dose of 0.25-0.5 mg/g intraperitoneally.
Retinal flatmounts
After OIR treatment, the eyes were enucleated from P14 through P17, P21, and P25; fixed in 4% PFA for 1 h at 25°C; transferred to PBS; and stored at 4°C. The retinas were separated by dissection, with care taken to remove the remaining hyaloid vasculature, and permeabilized overnight at 4°C with 1% Triton X-100 (T-8787; Sigma-Aldrich) in PBS. The following day, the samples were incubated in isolectin B4 conjugated to 568 (GS-IB4; I21412; Life Technologies, Carlsbad, CA, USA) at a dilution of 1:50 in 1 mM CaCl 2 solution at 25°C overnight in the dark on a rotating platform. After 3 washes in 1ϫ PBS over the course of 2 h, the retinas were cut into a cross shape and coverslipped with antifade reagent in glycerol/PBS (S2828; Invitrogen). Images of the flatmounts were captured at ϫ5 using an AxioVision microscope and stitched together with AxioVision 4.8.2 software (Zeiss, Thornwood, NY, USA). For quantification, the stitched images were saved as TIFF files, and the percentage of neovascular area was calculated with PhotoShop, version CS5 (Adobe Systems, San Jose, CA, USA; ref. 9). Briefly, using the Magic Wand tool in CS5, we chose a threshold that selectively captured the pixel intensity of the neovessels. Further refinement to isolate only neovessels was manually performed by using the Magic Wand tool to add neovessels that had been missed, by tapping the center of the missed neovessels or by deleting areas that were not neovessels by pressing ControlϩAltϩZ. The amount of neovessels was determined by dividing the number of pixels of neovessels by the number of pixels of total retinal area and multiplying by 100.
Immunohistochemistry
At the indicated time points after OIR treatment, the eyes were enucleated and quickly frozen in optimal cutting temperature (OCT) compound (4583; Tissue Tek; Sakura Finetek, Torrance, CA, USA) by submersion in a beaker of isopropanol chilled by dry ice. Cryosections were cut at 14 m and fixed for 20 min in 4% PFA. Before incubation in primary antibody, the sections were blocked for 1 h in PBS containing 5% fetal calf serum, 0.3% Triton X-100, and 0.5% bovine serum albumin. For Fb and isolectin B4 colabeling, an antibody to Fb (SC67141; Santa Cruz Biotechnology, Dallas, TX, USA) was used at a dilution of 1:50 in 1 mM CaCl 2 containing a 1:50 dilution of isolectin B4 -Alexa Fluor 488 conjugate (I21411; Life Technologies). The samples were incubated overnight in a humidified chamber at 4°C. All secondary detection was performed with either donkey antirabbit conjugated to Alexa Fluor 647 (A31573; Life Technologies) or goat anti-rabbit conjugated to Alexa Fluor 568 (A11008; Life Technologies) at a dilution of 1:750 in PBS and incubated at room temperature in the dark with gentle rotation for 1 h. After a wash in PBS, the sections were coverslipped with Vectashield containing DAPI (H-1200; Vector Laboratories, Burlingame, CA, USA). For terminal deoxynucleotidyl dUTP nick end labeling (TUNEL) and isolectin B4 colabeling, the sections were incubated in isolectin B4 conjugated to Alexa Fluor 488 (I21411; Life Technologies) at a concentration of 1:50 in 1 mM CaCl 2 overnight at 25°C, in the dark with gentle agitation. After several washes, TUNEL labeling (12156792910; Roche, Indianapolis, IN, USA) was performed according to the kit instructions, and the sections were mounted in Vectashield.
Western blot analysis
The retinas were lysed in M-PER lysis buffer (78501; Thermo Scientific) containing Halt phosphatase inhibitor cocktail (1862495; Thermo Scientific) and Complete protease inhibitor cocktail (1862209; Thermo Scientific). Equal volumes of protein were added to a NuPage 4 -12% Bis-Tris gel (NP0335BOX; Life Technologies), transferred, and probed for mouse vascular endothelial growth factor receptor 2 (VegfR2) with a rabbit monoclonal antibody (2479; Cell Signaling Technology, Danvers, MA, USA) at 1:1000 for 3 h at room temperature in a sealed bag. Secondary detection was achieved using ECL Select (RPN2235; GE Healthcare, Cleveland, OH, USA) at a concentration of 1:20,000. Bands were normalized with ␤-actin (4970; Cell Signaling Technology). Quantification of band intensities was performed with a Chemidoc MP Station and Image Lab 4.1 software (Bio-Rad, Hercules, CA, USA).
Quantitation of proliferation in neovessels
After the OIR treatment, the mice were injected with 5-ethynyl-2=-deoxyuridine (EdU; C10337; Life Technologies) at P13 and P15 at a dose of 50 mg/kg in a final volume of 40 l. The eyes were enucleated at P17, frozen, and sectioned as for immunohistochemistry. The weight of the mice at P17 was Ն5 g, to ensure sufficient nursing from the mother for growth factor nourishment (9) . Four regions of each eye were taken at 100 m intervals through the eye, to ensure representative quantification of each eye. Quantification of proliferating cells in the neovessels was performed by counting the total number of EdU-positive cells in an isolectin-labeled neovessel, dividing by the neovascular area, and multiplying by 100 to arrive at the percentage of cells proliferating in the neovessel.
Quantitation of apoptosis in neovessels
After OIR treatment, the eyes were enucleated at P17, frozen, and sectioned for immunohistochemistry. The weight of the mice and sectioning of the eyes was the same as for quantification of neovessel proliferation. Quantification of apoptotic cells in neovessels was performed by counting the total number of TUNEL-positive cells in an isolectin-labeled neovessel, dividing by the total number of DAPI-positive cells in the same isolectin-labeled neovessel, and multiplying by 100 to arrive at the percentage of apoptotic cells in the neovessel.
Laser capture microdissection (LCM)
Eyes were enucleated at P17, placed in OCT compound, and quickly frozen by submersion in a beaker of isopropanol chilled by dry ice. Between 16 and 18 sections cut at 30 m thickness were placed on a frame slide (11505190; Leica Microsystems, Wetzlar, Germany) and allowed to air dry for 10 min. All reagents were made with nuclease-free water (AM9932; Ambion, Carlsbad, CA, USA). The sections on the frame slides were fixed with a graded series of ethanol (459836-1L; Sigma-Aldrich), consisting of incubation in 50% ethanol for 1 min, 75% ethanol for 1.5 min, and water for 1 min. To label the vessels and neovessels, the sections were incubated in isolectin B4 conjugated to HRP (L5391; SigmaAldrich) diluted 1:50 in 1 mM CaCl 2 for 15 min at 25°C. After the slides were washed in PBS, color was generated by adding DAB (K3467; DakoCytomation-Agilent, Carpinteria, CA, USA) for 2 min. To identify the cell layers, the slides were dipped in 0.1% toluidine blue solution (89640-5G; Fluka, St. Louis, MO, USA) followed by 2 rinses in water for 15 s each, in 75% ethanol for 30 s, and in water for 15 s. Sections were dried in room air, and the inner nuclear layer (INL), outer nuclear layer (ONL), and retinal pigment epithelium (RPE) and vessels and neovessels were isolated by LCM (LMD 7000; Leica Microsystems). Samples were collected in RNAlater (AM7022; Ambion) and stored at Ϫ80°C until RT-PCR was performed.
RT-PCR
RNA was isolated by using an RNeasy micro kit (74004; Qiagen, Valencia, CA, USA) for LCM samples or an RNeasy mini kit (74106; Qiagen) for whole retina. RNA was measured with a Nanodrop spectrophotometer (model 2000; Thermo Scientific) and normalized to the same amount of RNA before the cDNA was transcribed with Superscript III (18080-044; Invitrogen). A volume of 1 l of cDNA was used for each RT-PCR reaction in KAPA SYBR Fast universal master mix (KK4600; KAPA Biosystems, Wilmington, MA, USA) on a Step One Plus real-time PCR system (Applied Biosystems). Primers for Fb and Cd55 (mouse) were obtained from Integrated DNA Technologies (Coralville, IA, USA), by using their online Primer Quest design tool and importing the U.S. National Center for Biotechnology Information (NCBI; Bethesda, MD, USA) ID number for each sequence. The primer for Cd55 (human) was Taqman (Hs00892618_m1; Life Technologies). RT-PCR was run in triplicate, and the average of each C T value was used for analysis. All C T values were normalized to ␤-actin from each sample as an internal control. Final values were determined by the ⌬⌬C T method.
RT-PCR for Vegf isoforms
mRNA (500 ng) was transcribed with the Iscript kit (Bio-Rad). Real-time PCR was performed with FastStart SYBR Green master mix on the LightCycler 480 real-time PCR system (Roche Applied Science). Vegf isoform expression was determined by using the absolute quantification method after normalization with the housekeeping genes cyclophilin-A and ␤-actin. A standard curve was constructed for each PCR reaction and was derived from the serial dilution (3ϫ10 1 to 3ϫ10 6 copies/reaction) of a plasmid coding for each isoform, Vegf188, Vegf164, and Vegf120 (Supplemental Table S1 and ref. 22) , and amplified by the SYBR Green system. The level of isoform expression in each sample was calculated relative to the standard curve. Results were recorded as means Ϯ sem.
ELISA
Whole retinas were isolated, flash frozen in liquid nitrogen, and stored at Ϫ80°C. Protein extraction from the retinas was performed with M-Per protein extraction reagent (78501; Thermo Scientific), and concentration was determined with the Bradford assay. ELISAs for Fb (BG-MUS10520; Novatein-Bio, Woburn, MA, USA), according to the kit's instructions, and was measured with a Spectramax M3 plate reader (Molecular Devices, Sunnyvale, CA, USA). Standard curves were generated with the reagents provided in the kit, and the sample values were determined automatically with Softmax Pro software (Molecular Devices). Six retinas from each group per time point were used and plated in duplicate wells. ELISAs were all plated in duplicate wells and averaged for the final value.
Human umbilical vein endothelial cell (HUVEC) time course
In all experiments with HUVECs (PCS-100-010; ATCC, Manassas, VA, USA), the cells had been cultured for 8 -15 passages. Six P60 plates were grown to 90% confluence in 20% O 2 and placed in 1% O 2 for 24 h in a tri-gas incubator that electronically regulates oxygen levels (Heracell 150i; Thermo Scientific). One plate was collected at 30 min, one at 1 h, and one at 24 h by scraping and then centrifuged at 1200 rpm for 3 min. The pellet was resuspended in 350 l buffer RLT containing ␤-mercaptoethanol. The remaining 3 plates were moved from 1% O 2 back into 20% O 2 for another 24 h period. One plate was collected at 30 min, one at 1 h, and one at 24 h by the same procedure. Each 48 h time course was performed 3 times for triplicate experiments. RT-PCR was performed as described above.
Statistical analysis
Data were analyzed with an unpaired Student's t test. Results are expressed as means Ϯ sem (unless otherwise specified). Significance was set at P Ͻ 0.05.
RESULTS
Alternative pathway-deficient mice manifest increased neovessel development
The alternative complement pathway is remarkably fast at responding to local tissue changes by constantly probing the surroundings for pathogens or diseased tissue (14) . Since neovessels are dysregulated in many respects, lacking several functional aspects of endothelium, we examined whether these pathological vessels could be a target of the alternative pathway.
To study the role of the alternative pathway in pathological neovascularization, we used a well-defined mouse model of OIR (ref. 3 and Fig. 1 ), in combination with mice deficient in the alternative complement pathway (Fb Ϫ/Ϫ ). The OIR model consists of 2 distinct phases. In the first phase, P7 through P12, mice are placed in a high-oxygen environment that results in vasoobliteration of the developing vasculature (3). The second phase begins when the mice are returned to atmospheric oxygen at P12. The relatively low oxygen concentration causes the central avascular zone to become hypoxic, inducing the expression of Hif-2␣-mediated proangiogenic pathways and of VEGF (23, 24) . Although these pathways stimulate the growth of normal vessels, they also cause the formation of pathological vessels (neovessels), which sprout from the superficial retinal vasculature (3). The growth of neovessels begins at P14, with the peak number at P17 (3). The abnormal neovessels are leaky, resembling the pathological neovascularization seen in humans with ROP and proliferative diabetic retinopathy (3). Given the complement system's role in the clearance of damaged or diseased tissue, we investigated whether the alternative complement pathway targets neovessels. Neovessel formation was assessed in Fb Ϫ/Ϫ mice deficient in Fb, a key mediator of the alternative pathway, during neovessel formation from P14 to P17. We found significantly more neovessels in the Fb Ϫ/Ϫ mice from P15 through P17 (Fig. 2A) . The most striking difference was observed at P17 (7.26Ϯ0.31 and 12.52Ϯ0.32% for WT and Fb Ϫ/Ϫ , respectively), the height of neovessel formation ( Fig. 2A, B and Supplemental Fig. S1 ). After P17, neovessels begin to resolve in the OIR model, similar to the spontaneous regression often seen in humans with ROP (3, 25) . By P25, the retinal vasculature returns to a state of homeostasis where the neovessels disappear, and the retinal vascular plexus stabilizes (3). During this neovessel resolution phase, we found that the neovessels persisted for a longer period in the Fb Ϫ/Ϫ mice, with more neovessels remaining at P21 and P25 ( Fig. 2A and Supplemental Fig. S1 ). Although regression took longer, the Fb Ϫ/Ϫ mice eventually returned to homeostasis, indicating that the alternative pathway plays a key role, but is not the sole pathway involved.
Proliferation of neovessels is unaltered in Fb
The result of increased neovessels in the Fb Ϫ/Ϫ mice could be due to more rapid neovessel formation or from a deficiency in the removal of neovessels. In the OIR model, Vegf is known to play a critical role in neovessel formation (26) . Therefore, a reasonable explanation for there being more neovessels in the Fb Ϫ/Ϫ mice would be increased Vegf expression. We first tracked the gene expression of Vegf164, the most prominent isoform of Vegf in the retina (27) (28) (29) (30) , in control mice exposed to OIR and, as expected, found that Vegf164 was suppressed when the mice were in high oxygen (P8H-12H), but rapidly increased on return to room air (P14 -P17) (Fig. 3A and ref. 31 ). To determine whether Vegf could be responsible for more neovessel formation in the Fb Ϫ/Ϫ mice, we compared the relative expression levels of the Vegf isoforms 120, 164, and 188 at P17 and found no difference in expression levels among any of the isoforms between the control and Fb Ϫ/Ϫ mice (Fig. 3B ). Since increases in Vegf signaling could also be a consequence of more VegfR expression and not just more Vegf, we measured the amount of VegfR at P17 after OIR in the control and Fb Ϫ/Ϫ mice and found no difference in expression levels (Fig. 3C, D) .
Although our Vegf data suggest that there is no change in growth stimulation, they are not a direct measurement of endothelial cell proliferation. To directly determine whether there is enhanced neovessel growth in Fb Ϫ/Ϫ mice, we quantitated the amount of endothelial cell proliferation at P17. After exposure to OIR, the wild-type control and Fb Ϫ/Ϫ mice were injected intraperitoneally with EdU, a thymidine analogue that intercalates into the DNA of proliferating cells, and the eyes were collected at P17 for sectioning. We found that cell proliferation was restricted to endothelial cells (Fig. 4A) Quantitation of neovessels (neovascular area) in Fb Ϫ/Ϫ mice compared to wild-type control mice after OIR (P14 -P17, P21, and P25) measured as the total area of neovessels relative to the total retinal area in the flatmount after vascular labeling by isolectin B4. Fb Ϫ/Ϫ mice had a significant increase in neovessel development from P15 to P17 that persisted from P17 to P25, compared with that in the control animals. P14 -P16, P21, and P25, nϭ18 -20 eyes; P17, nϭ45 eyes. ns, not significant. Error bars ϭ sem. *P Ͻ 0.05, **P Ͻ 0.01, ***P Յ 0.001. B) Representative flatmount images at P17 after OIR; vessels were labeled with isolectin B4 (red). White areas are neovessels that were selected for quantitation by Photoshop. Scale bars ϭ 1 mm.
removal of neovessels, leading to an accumulation over time.
The alternative pathway is activated on neovessels
Activation of the alternative complement pathway results in deposition of Fb on targets for immune clearance (13) . Fb expression was rapidly induced on return to room air, at both the message (Fig. 5A) and protein (Fig. 5B ) levels. The increase in Fb expression corresponded to the phase in which neovessels form and likely promoted their disappearance. To determine whether the alternative pathway is activated on neovessels, we stained retinal sections for Fb and found that it was deposited on neovessels at P17 (Fig. 5C ) and in fact throughout the entire neovascular phase, starting when the neovessels first developed (P14 -P17) and through regression (P17-P25) (Supplemental Fig. S2 ). Fb did not colocalize with vessels in retinas of mice without disease (Supplemental Fig. S3 ). In addition, it did not colocalize with pathological neovessels in the mice that lacked a functional alternative complement pathway (P17H, Fb Ϫ/Ϫ mice; Fig. 5D ). These data suggest that a key component of the alternative complement pathway, Fb, is primarily associated with retinal neovessels and not with normal vasculature.
Alternative pathway activation promotes neovessel apoptosis
To determine whether the increase in neovessels in Fb Ϫ/Ϫ mice is a result of decreased alternative pathway targeting, we assessed cell death in neovessels at P17 after OIR. To evoke cell death, the complement cas- 
Wild-type P17H
Fb-/-P17H β-actin Green shading indicates time spent in high oxygen; blue shading, time spent in room air. Dotted black line represents the normoxia control used to normalize each time point. Therefore, anything below the line is a decrease in expression, and anything above the line is an increase. During exposure to high oxygen, Vegf164 expression was repressed (P8 -P12). When the mice were returned to room air, Vegf164 expression increased (P13-P25). B) RT-PCR for gene expression of the Vegf isoforms 120, 164, and 188 in the retina of P17 hyperoxia wild-type and Fb Ϫ/Ϫ mice. Each isoform is expressed as the mRNA copy number normalized to an unchanging control gene, to show relative gene expression levels in the retina. There are no significant expression changes for any of the isoforms between wild-type and Fb Ϫ/Ϫ mice. The most abundantly expressed isoform in the retina is Vegf164 (nϭ5 eyes/group). C) Representative Western blot of VegfR2 for Fb Ϫ/Ϫ and wild-type mice at P17 after OIR treatment. Equal concentrations of protein were loaded, with ␤-actin serving as an internal loading control. D) Quantitation of band intensities from 3 independent Western blots for Fb Ϫ/Ϫ and wild-type mice at P17 after OIR treatment. Band intensities were measured using densitometry and normalized to ␤-actin (nϭ6 eyes pooled/group). ns, not significant. Error bars ϭ sem.
cades ultimately form the membrane attack complex (MAC; C5b-9; ref. 14). This complex has been associated with clearance of targeted tissue through apoptosis (32) . Given the alternative pathway's targeting of neovessels, we sought to determine whether apoptosis is induced in these cells. We used TUNEL to assess apoptosis in neovessels of wild-type mice after OIR at P17, just before regression in this model. We found that Wild-type Merge DAPI DAPI DAPI
GS-IB4 GS-IB4 GS-IB4
Fb Fb Fb
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Fb Fb Fb Figure 5 . Fb production is increased on neovessels after OIR. A) Fb retina gene expression in wild-type OIR mice at the indicated time points (nϭ6 eyes/time point). Fb gene expression increased after OIR (hyperoxia), nearly 6-fold at P17, relative to expression in control mice kept in room air (normoxia). B) Fb retina protein was significantly elevated at P17 after OIR (hyperoxia) compared to control mice kept in room air (normoxia) (nϭ6 eyes/time point). C, D) Fb colocalized with neovessels after OIR in wild-type mice (C), but not in the corresponding Fb Ϫ/Ϫ control (D). Representative images at P17 after OIR colabeled with isolectin B4 (green), Fb (purple), and DAPI (blue) Scale bars ϭ 40 m. ns, not significant. Error bars ϭ sem. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. apoptosis was restricted to neovessels and did not affect the surrounding mature vessels (Supplemental Fig. S4) . We then quantitated the number of endothelial cells undergoing apoptosis in each neovessel and found that the Fb Ϫ/Ϫ mice had far fewer apoptotic cells than the control (3.49Ϯ1.36 and 31.22Ϯ4.8% for WT and Fb Ϫ/Ϫ , respectively; Fig. 6A, B) , indicating that there is an accumulation of neovessels due to the reduction in apoptosis.
The C3 convertase inhibitor Cd55 is down-regulated in neovessels, suggesting a mode of alternative pathway amplification Finally, we addressed how neovessels might be more susceptible to complement-mediated apoptosis than are the surrounding cells. A characteristic of neovessels is hypoxia (33, 34) and the expression of Cd55 (decayaccelerating factor), a potent negative regulator of the alternative pathway (18) , has been shown to be downregulated in hypoxic conditions (35) (36) (37) (38) (39) . During alternative pathway activation, the C3 convertase can cleave many molecules of C3 to C3a/C3b, thereby intensifying complement activation (40) . Foreign surfaces are generally devoid of membrane regulatory proteins that inhibit the C3 convertase, leading to complement amplification. In contrast, host cells are protected from the harmful effects of complement through cell surface-associated, convertase-regulatory proteins (18, 40) . Cd55 acts to avert opsonization and damage to selfcells at the site of complement initiation by inactivating the C3 and C5 convertase enzymes (18, 40) . Cd55 hastens the decay of the convertase by releasing Bb (40) . Therefore, to test whether hypoxia leads to Cd55 down-regulation in endothelial cells, we subjected HUVECs to low oxygen (1% O 2 ) and assessed Cd55 expression over time by RT-PCR. We found that, after 24 h, the expression levels of Cd55 were significantly suppressed (Fig. 7A, B) . Notably, when the same cells were placed back into atmospheric oxygen for another 24 h, Cd55 expression levels returned to near normal (Fig. 7A) .
To determine whether Cd55 is down-regulated in neovessels in the OIR model we used LCM to isolate each retinal layer, as well as the vasculature, and then assessed the expression pattern of Cd55 in the retina (Fig. 8A) . In P17 wild-type mice kept in room air (normoxia), Cd55 expression was evident in all the layers, but was most prominent in the retinal vasculature (Fig. 8B) . Since the retinal vasculature of normoxic mice expresses relatively high levels of Cd55, we compared their expression to neovessels. Vessels from normoxic retinas and pathological neovessels from OIR retinas were isolated by LCM for analysis by RT-PCR (Fig. 8C) . Normal vessels expressed relatively high levels of Cd55 mRNA, whereas Cd55 expression was significantly repressed in pathological neovessels (Fig.  8D) . Therefore, taken together, these data indicate that the hypoxic environment in which neovessels exist (33, 34) leads to the down-regulation of Cd55, resulting in susceptibility to alternative pathway-mediated clearance, whereas the mature vasculature remains protected by higher expression of Cd55.
DISCUSSION
Neovascularization is a major cause of blindness (3), making the suppression of dysfunctional neovessels while protecting normal vessels of great therapeutic interest. In most ROP cases, neovessels spontaneously regress while normal vessels persist (10) . To date, there has been a gap in our knowledge of how this occurs and specifically how neovessels are distinguished from normal vessels. In this study, we found that the alternative complement pathway is involved in the control of neovessel formation and regression. Numerous diseases have linked complement activation to disease exacerbation, including age-related macular degeneration (41), atypical hemolytic uremic syndrome (42) , and paroxysmal nocturnal hemoglobinuria (14, 43) . To the contrary, this work describes a new, beneficial function for the alternative complement pathway in retinopathy, involving a form of protective autoimmunity that allows the body to distinguish between pathological neovessels and normal vessels. A major regulatory function of the alternative pathway is to remain in a primed state for an immediate response to the presence of foreign pathogens or damaged cells (14) . Previous work has identified that C3 Ϫ/Ϫ and C5aR Ϫ/Ϫ mice develop enhanced angiogenesis in an OIR model (12) . That study elegantly illustrated the importance of the C5aR for switching macrophages to an M1 antiangiogenic signature, although it only partially explained how C3 Ϫ/Ϫ mice develop enhanced angiogenesis. Our work complements these findings by addressing how the upstream components of the alternative pathway are able to specifically target neovessels for removal. Furthermore, we looked at a time-dependent activation of complement on neovessels by spanning neovessel development and regression, using Fb Ϫ/Ϫ mice, which lack a ratelimiting protein of the alternative pathway rather than the downstream central C3 protein. By combining the results of the previous study (12) with those of our work, we can begin to formulate a mechanism for how the alternative pathway orchestrates the removal of neovessels. We found that mice deficient in the alternative complement pathway had enhanced neovessel development compared with control mice (Fig. 2 and Supplemental Fig. S1 ). The difference in neovessel formation did not appear to be a consequence of elevated Vegf release in Fb Ϫ/Ϫ mice (Fig. 3) . In agreement with unchanged levels of Vegf, we found that the growth rate of endothelial cells was unaltered in Fb Ϫ/Ϫ mice relative to that in the controls (Fig. 4) , a result that suggests that the increase in neovessels is not due to enhanced proliferation. In distinguishing between neovessels and normal vessels, a major regulatory molecule in the alternative pathway, Fb (44, 45) , localizes to neovessels in retinas of mice subjected to OIR (Fig. 5 and Supplemental Fig.  S2 ) but does not associate with normal vessels (Supplemental Fig. S3 ). Complement ultimately induces cellular destruction through formation of the MAC (or C5b-9), inducing apoptosis (46) . In agreement with the notion that alternative complement contributes to neovessel resolution, Fb Ϫ/Ϫ retinas had fewer TUNELpositive cells associated with pathological neovessels (Fig. 6 ), compared to the number in the wild-type controls. Furthermore, we found that apoptosis was restricted to cells of the neovessels and did not occur in the surrounding cells (Supplemental Fig. S4 ). This observation correlates with our finding that Fb was restricted to neovessels ( Fig. 5 and Supplemental Fig.  S2 ), suggesting that alternative pathway activation on the neovessels leads to apoptosis. These findings are consistent with the idea that complement helps to control targeted neovessel removal without harming the surrounding architecture of the retina.
Finally, we addressed a mechanism by which it is possible for complement to target only the neovasculature. A characteristic of neovessels is hypoxia (33, 34) , and we found that, when endothelial cells are kept in hypoxic conditions, Cd55 is temporarily down-regulated (Fig. 7) . Therefore, one explanation for preferential activation of the alternative pathway (Fb deposition) on neovessels is that neovessels lack Cd55, a negative regulator of the alternative pathway. Cd55, a membrane-bound regulator that blocks the C3 convertase formation (18) and is essential for alternative pathway amplification, localized with normal vessels but had much lower expression in neoves- sels (Fig. 8) . Although we found that Cd55 was differentially located on the normal vasculature vs. neovessels, it is likely that it is not the only molecule that protects normal vessels, which may be exposed intermittently to high levels of complement (47) (48) (49) . However, there are data suggesting that Cd55 function is important in normal vessel survival. A recent study identified Cd55 as a key indicator in renal allograft survival. Patients with increased peritubular capillary Cd55 expression had increased graft survival over those with low Cd55 expression (50) . Our data are consistent with these findings in patients, thus reinforcing the importance of this regulatory mechanism of complement in controlling the vasculature in disease states.
In summary, these data show differences in components involving the innate immune system between neovessels and normal vessels. We found that the lack of the alternative complement pathway promotes accumulation of neovessels and delays neovessel regression. We postulate that a mechanism of neovessel removal involves the increased susceptibility of pathological neovessels to alternative pathway activation, initiating complement-mediated apoptosis and regression. Although the alternative complement pathway appears to play a role in neovessel regression during retinopathy, it clearly is not the sole regulator of vessel regression, as loss of the alternative pathway does not cause neovessels to persist indefinitely. It is likely that other regulatory Cd55 is down-regulated in neovessels, suggesting a mode for alternative pathway amplification. A) Representative cross-section of a wild-type mouse eye at P17 that was kept in room air (normoxia) and stained with toluidine blue (blue), for identification of cell layers, along with isolectin B4 (brown), to identify mature vessels. Red dotted lines indicate the cell layers, red arrowheads the mature vessels isolated by LCM. Scale bar ϭ 40 m. B) Cd55 gene expression in the retinal layers and mature vessels from samples isolated by LCM in wild-type P17 mice kept in room air (normoxia; nϭ3 eyes/cell type). Fold change in expression was standardized to the cell type, with the least amount of Cd55 gene expression, the ONL. Error bars ϭ sem. C) Representative cross section of an OIR mouse eye at P17 labeled with isolectin B4 (brown) to identify neovessels. Red arrowheads/dotted lines demarcate neovessels isolated by LCM. Scale bar ϭ 40 m. D) Cd55 gene expression in mature vessels of mice kept in room air (normoxia vessels) compared to neovessels (hyperoxia NV) from OIR mice, both at P17 (nϭ3 eyes/group). **P Ͻ 0.01.
